Objective: To identify osteoarthritis (OA) relevant genes and pathways in damaged and undamaged cartilage isolated from the knees of patients with anteromedial gonarthrosis (AMG) e a specific form of knee OA. Design: Cartilage was obtained from nine patients undergoing unicompartmental knee replacement (UKR) for AMG. AMG provides a spatial representation of OA progression; showing a reproducible and histologically validated pattern of cartilage destruction such that damaged and undamaged cartilage from within the same knee can be consistently isolated and examined. Gene expression was analysed by microarray and validated using real-time PCR. Results: Damaged and undamaged cartilage showed distinct gene expression profiles. 754 genes showed significant up-or down-regulation (non-False discovery rate (FDR) P < 0.05) with enrichment for genes involved in cell signalling, Extracellular Matrix (ECM) and inflammatory response. A number of genes previously unreported in OA showed strongly altered expression including RARRES3, ADAMTSL2 and DUSP10. Confirmation of genes previously identified as modulated in OA was also obtained e.g., SFRP3, MMP3 and IGF1. Conclusions: This is the first study to examine a common and consistent phenotype of OA to allow direct comparison of damaged and undamaged cartilage from within the same joint compartment. We have identified specific gene expression profiles in damaged and undamaged cartilage and have determined relevant genes and pathways in OA progression. Importantly this work also highlights the necessity for phenotypic and microanatomical characterization of cartilage in future studies of OA pathogenesis and therapeutic development.
Introduction
Knee osteoarthritis (OA) is common with more than 37% of those aged over 60 showing radiographic disease 1 . Cartilage damage in OA is likely to result from the aggregate effect of multiple genetic, environmental, mechanical and cell biological factors driving changes in gene expression 2 . These gene expression changes alter chondrocyte activity and phenotype, further driving OA progression. Studies of gene expression in OA have highlighted a number of differentially regulated genes and pathways (e.g., Matrix Metalloproteinases (MMPs) and tissue remodelling) providing valuable clues to the gross changes that differentiate OA from normal cartilage 3e9 .
Gene expression analysis of human OA is limited by interpatient variability due to confounding factors including genetics and drug therapy; cartilage is generally removed from an end-stage joint and compared to normal cartilage from an individual without OA. The site of cartilage excised is not always consistent across patients or controls; and end-stage disease is heterogeneous in both its phenotype and the mechanisms underlying its onset and progression, thus key pathways and gene expression changes may be masked or misrepresented 3,5e7,9 . In order to overcome the heterogeneity of human OA a number of animal models have been utilized 10 . These rely on a known mechanism to induce disease (e.g., destabilization of the medial meniscus) thus providing a relatively consistent OA phenotype in terms of cause and time of onset. These models provide important clues to the genes expression changes at different stages of OA pathogenesis 4, 11 . However comparisons to human disease may be limited due to the lack of equivalent disease phenotype in humans (i.e., acute injury and fast progressing).
Studying gene expression in damaged and undamaged cartilage from within the same joint compartment would be advantageous. The most common phenotype of knee OA, Anteromedial Gonarthrosis (AMG) provides a spatially reproducible pattern of disease. AMG affects up to 60% of patients presenting with knee OA and is characterized by: full thickness cartilage loss in the anterior third of the medial tibial plateau; partial thickness loss of the middle third; and a macroscopically and histologically normal region in the posterior third 12 . Thus AMG provides a spatial representation of cartilage degradation in OA, allowing comparison of undamaged and damaged cartilage from microanatomically defined regions [ Fig. 1 ].
This study aims to characterize gene expression in AMG, a defined and common phenotype of OA 13 . Studying AMG has the advantage of reproducible identification and isolation of damaged and undamaged cartilage from within the same joint. Additionally AMG provides a consistent human phenotype of disease. Through study of these defined regions of damaged and undamaged cartilage we aim to identify genes and pathways that can be therapeutically targeted. We also aim to assess whether regional variation in gene expression occurs across cartilage from the same joint. This study will provide much needed insight into both AMG pathogenesis and OA progression.
Materials and methods

Tissue collection
Patients were identified if attending our specialist centre for unicompartmental knee replacement (UKR) for AMG. Ethical approval was obtained to approach these patients and obtain consent for use of their resected tissue in research (Ethics Reference C01.071). Evidence of these patients having tricompartmental OA made them unsuitable for both UKR and this study.
Ten medial tibial plateaus were collected (median age 64 years, six right knees and four left knees, six females and four males). Cartilage from damaged and undamaged regions was removed and snap frozen for microarray analysis. A uniform and anatomically aligned section was taken through all regions, wax embedded and the blocks stored for confirmation of cartilage phenotype using Safranin-O. A further six patients were recruited and cartilage collected for qPCR confirmation studies.
RNA extraction and preparation
Damaged and undamaged cartilage was identified and isolated using our previously defined spatial model of AMG [ Fig. 1 ]. Cartilage was ground in liquid nitrogen and RNA extracted using the RNeasy lipid kit (Qiagen, Crawley, UK) according to the manufacturers instructions. All samples underwent on-column DNAse treatment. RNA yield and quality was determined using an Agilent Bioanalyzer and Nanodrop Spectrophotometer. The median RNA integrity number (RIN) value was 7.3 (range 6.5e8.8), one patient was excluded due to a low RIN value. Paired (damaged and undamaged) samples were used for microarray at equal concentrations. Prior to labelling, the samples were concentrated to 8.3 ml in a rotary evaporator.
Microarray
Samples were prepared as per Agilent's Two-Colour Microarray-Based Gene Expression Analysis (Quick Amp Labelling v5.7) Fig. 1 . AMG. A. A medial tibial plateau resection specimen from a patient having Unicompartmental knee arthroplasty (UKA) for AMG. The schematic on the right helps better demonstrate the areas of full thickness cartilage loss, partial thickness cartilage loss and macroscopically normal cartilage. B. Schematic representation of AMG. The damaged area can be divided into equal thirds (T1, T2, T3). The undamaged cartilage is region N. T1-T3 and N were collected for microarray analysis.
protocol. RNA was fragmented at 60 C for 30 min and the reaction was stopped by the addition of 2Â Agilent Hi-RPM hybridisation buffer. Samples were loaded on to arrays (Aglient G2159F, Design ID14850, 44,000 probes) and hybridised at 65 C for 17 h at 10 RPM. Slides were washed and scanned as per Agilent's protocol.
Complementary DNA synthesis and real-time PCR
First strand cDNA synthesis was performed on 50 ng RNA using Superscript III (Invitogen, Paisley, UK) according to the manufacturers protocol. qPCR for TNFRSF11B (OPG), SOX11, IGF1 and FGF18 was performed using predesigned primers (Quantitect, Qiagen, Crawley, UK) and SYBR green (Qiagen, Crawley, UK) in a Rotor-Gene RG-3,000 qPCR cycler (Qiagen, Crawley, UK). MMP1, MMP3 and MMP13 expression was measured using Taqman primer-probes and Taqman Master Mix (Applied Biosystems, Paisley, UK) on an ABI7900HT.
Statistical analysis
Microarray signal normalisation was carried out using Agilent Feature Extraction 9.5.3, which applied a global Lowess normalisation to remove systematic errors resulting from the fluorescence profiles of the two dyes. The normalised fluorescence data was analysed using GeneSpring GX10 (Agilent Technologies) to identify differentially expressed genes. Transcripts identified as differentially expressed had to show >2 fold differences in damaged compared to undamaged cartilage in all of the nine individuals tested. The fold change value represents average signal intensity of damaged compared to undamaged cartilage across all nine patients. As all samples were paired, the Wilcoxon signed rank test (a non-parametric test) was utilized to identify genes showing significant (P < 0.05) changes in expression using GeneSpring GX10. P-values were not False discovery rate (FDR) corrected as the microarray was utilized as a discovery tool with a more liberal gene selection used to identify whether regulated genes belonged to specific functional clusters.
Differentially expressed genes (fold >2, P < 0.05 not FDR corrected) were taken forward for further analysis. Analysis of enriched pathways and GO groups analysis was undertaken using Ingenuity (Ingenuity Systems, California, USA), DAVID and Webgestalt (Vanderbilt, USA). miRNA target analysis was undertaken using Webgestalt. Fisher Exact test (Ingenuity, DAVID) and hypergometric test (Webgestalt) were used to calculate associated pathways and GO groups. Benjamini-Hochberg was used to correct for multiple testing.
For confirmation qPCR analysis gene expression was assessed using the standard curve method and normalised to 18S (measured using the relevant qPCR chemistry). Paired samples were compared and significance (P < 0.05) assessed by a Wilcoxon test using PASW Statistics 18.0 (IBM, Illonois, USA).
Results
Microarray 754 genes (4% of the 19,365 measured) were differentially expressed (>2 fold, P < 0.05 not FDR corrected) between damaged and undamaged cartilage. In damaged cartilage 390 genes showed decreased expression whilst 364 genes were expressed at a higher level. Tables I and II show the top 50 up-and down-regulated genes. A full list of regulated genes is available in Supplementary Table I. 11 genes showed >5-fold up-regulation in damaged cartilage and 61 >3-fold. The top upregulated genes included IL11, SOX11, DNER, GFRA2 and FGF18. 38 genes showed >5-fold downregulation in damaged cartilage and 128 >3-fold. Down-regulated genes included LAMB1, SPARCL1, SFRP4 and MMP13 Table III. 67 Gene ontology (GO) groups were enriched (P < 0.01) Table II , Fig. 2 . Regulated GO groups include those related to Extracellular Matrix (ECM), immune system process, signal transduction, collagen metabolic process and response to wounding. Strikingly, ECMrelated GO groups were the major groups showing up-regulation of gene expression in damaged cartilage, whilst genes from all significant GO groups showed down-regulation in damaged cartilage.
Ingenuity analysis identified three major regulated pathways showing dysregulation between damaged and undamaged cartilage [ Fig. 3 ]. These are:
1. Cellular Development, Skeletal and Muscular System Development and function, Lymphoid tissue structure development 2. Inflammatory response, cell death, haematological disease 3. Skeletal and muscular disorders, cell signalling, small molecule biochemistry
We carried out further pathway analysis using the DAVID and Webgestalt bioinformatic tools ( Supplementary Tables II-IV) . These confirmed the marked alteration between damaged and undamaged cartilage of cell signalling, inflammatory and cell matrix related pathways. Significantly associated pathways (P < 0.05) included ECM-receptor interactions, focal adhesion, haematopoietic cell lineage, TGF signalling, and MMPs. Furthermore disease enrichment analysis identified arthritis, joint diseases, inflammation and rheumatoid arthritis (P < 1 Â 10 e18 ). microRNA target analysis identified OA-and inflammation relevant miRs including miR200, miR145 miR23a (P < 1 Â 10 e5 ).
Comparison with other published microarrays of human knee OA cartilage confirmed OA-related changes in expression of genes including FN1, INHBA and TNFAIP6 3,7,8 . However some genes including MMP1, MMP3 and COL1A2 showed an opposite direction of regulation compared to that previously reported 3,6e8 . Genes previously not reported as regulated in OA include RARRES3, ADAMTSL2 and DUSP1. A single study of human hip OA cartilage vs neck of femur fracture control revealed 899 differential expressed genes, 59 of these are also altered in our study; 34 in the same direction (e.g., MMP1, MMP3); 25 in the opposite direction (e.g., BMP6 and TGM2) 14 . COL12A1 and STAB1 are the only differentially expressed genes within genetic loci marked by SNPs that genome wide association studies have identified as key signals in OA 15e17 . Comparison microarray analysis of murine and rat injury models of OA showed quite distinct gene expression profiles, however some common genes including INHBA, TNFAIP6 and TGM2 were identified 4, 11, 18, 19 .
Real-time PCR SOX11, IGF1, FGF18, MMP1, MMP3 and MMP13 were selected for confirmation of microarray data. Genes were selected based on their broad spectrum of roles in cartilage biology. SOX11, a transcription factor in embryonic development, was selected as it showed a high fold change in gene expression (8.66 fold higher in damaged cartilage) yet is relatively unstudied in OA. FGF18 (4.69 higher in damaged cartilage) IGF1 (5.10 lower in damaged cartilage), MMP1 (6.28 fold lower in damaged cartilage), MMP3 (3.19 fold lower in damaged cartilage) and MMP13 (7.05 lower in damaged cartilage) were selected due to their known functions in cartilage development and homoeostasis, and to confirm the direction of MMP expression changes reported in our microarray data 20e22 . TNFRSF11B (3.69 higher in damaged cartilage), has previously shown increased expression in OA cartilage but is generally regarded as a mediator of bone rather than cartilage metabolism 23, 24 .
Significant differences in gene expression were detected for SOX11: 6.7 fold higher in damaged cartilage (P ¼ 0.043), IGF1: 5.2 fold lower in damaged (P ¼ 0.043), TNFRSF11B: 6.9 fold higher in damaged (P ¼ 0.043), MMP1: 1.88 lower in damaged (P ¼ 0.046) MMP3: 3.68 fold lower in damaged (P ¼ 0.031), MMP13: 4.62 fold lower in damaged (P ¼ 0.028) [ Fig. 4 ]. These expression changes confirmed the direction of gene expression changes detected in our microarray analysis. There was no significant difference in FGF18 expression (P ¼ 0.08) although the pattern of expression suggested an increase in damaged cartilage and expression differences were seen with immunohistochemistry (data not shown).
Discussion
This study is the first to detail gene expression changes between undamaged and damaged cartilage taken from the same joint compartment of individuals with a common and specific phenotype of OA (AMG). The pattern of cartilage damage in AMG is reproducible across individuals. We show clear gene expression differences between damaged and undamaged cartilage and provides important clues to dysregulated pathways in OA. This study highlights the complexity of the OA joint and the variation in gene expression phenotype of chondrocytes from different locations within the same joint. Thus our study emphasizes the requirement to understand the behaviour of different cartilage regions in order to successfully study OA and target therapeutics.
We have identified changes in ECM, immune system processes and signal transduction between damaged and undamaged cartilage. Proteineprotein interaction networks related to cellular, skeletal and muscular system development also showed significant gene expression changes. The identification of immune system process and response to wounding are particularly interesting as they support the growing notion that inflammatory processes are relevant to OA pathogenesis 25, 26 . Although only a small percentage of genes show altered expression between damaged and undamaged cartilage these potentially have significant biological implications on tissue activity due to their aggregate effects and impact on chondrocyte behaviour. Matrix degrading enzymes MMP1, MMP2, MMP3, MMP9 and MMP13 showed higher levels of expression in undamaged cartilage. Our study highlights that different regions of cartilage in an OA joint may have differing catabolic and anabolic activity. The higher expression of MMPs in undamaged cartilage adjacent to a lesion may be an attempt to actively remodel undamaged cartilage in response to an altered cellular environment. This in turn may reflect the changes in expression of ECM components. These expression changes may be driven by changes in weight-bearing as a result of cartilage damage elsewhere in the joint and by inherent loading differences due to location within the joint. Studies of hip OA show decreased MMP expression in hip OA cartilage, perhaps suggesting a similar mechanical environment of the hip cartilage sampled. Decreased load has been shown to increase MMP expression in tendon, cartilage and bone cells and thus mechanical off-loading may be driving the MMP expression changes seen in our study 27e29 , interestingly, no differential Tissue inhibitor of metalloproteinase (TIMP) expression was detected in our study. This suggests that MMP activity may be further reduced in damaged compared to undamaged cartilage due to greater availability of TIMP to inhibit MMP activity. Future work should assess MMP activity across damaged and undamaged cartilage regions.
Inflammatory processes are known to regulate ECM production and remodelling. Our study shows up-regulation of inflammatory genes (e.g., C2, CCL2, CCL3) in undamaged cartilage as well as alteration in MMPs and matrix genes suggesting a distinct but necessary inflammatory component drives OA. Inflammatory mediators expressed in undamaged cartilage as well as bone and synovial tissue may impact chondrocyte phenotype in damaged regions. The lower expression of inflammatory genes in damaged regions may also indicate a completely dysregulated responsiveness in this highly degraded cartilage where chondrocytes previously in deep zones are now exposed to the biochemical milieu of the joint.
Genes down-regulated in damaged cartilage include members of the complement system e.g., C2 and C4BPA. The membrane attack arm of the complement pathway has previously been reported to be involved in OA 30 . In support of this, the relative upregulation of complement in undamaged cartilage in AMG may act to provide low-level complement activation and contribute to OA pathogenesis.
Our study also supports the hypothesis that disrupted chondrocyte signal transduction is a key modulator of OA pathogenesis. The Bone Morphogenetic Protein (BMP) and Wnt pathways are key for development and homoeostasis of cartilage and showed significant alterations in gene expression between damaged and undamaged cartilage.
A number of BMP antagonists show differential expression including NOG, FSTL3 CHRDL2 and BMPER. NOG is expressed in articular cartilage, is required for articular joint formation, and NOG AE mice are protected from inflammation-drive joint destruction 31, 32 . FSTL3 is an inhibitor of Activin signalling and knockout mice show severe articular cartilage lesions when compared to wild-type controls 33 . CHRDL2 is increased in the midzone of OA cartilage and can inhibit chondrocyte mineralization 34 . BMPER can antagonize BMP-induced chondrogenesis by ATDC5 chondroprogenitor cells, however it has also been reported to have pro-BMP activity through binding to chordin 35, 36 . Up-and downregulation of BMP antagonists and modulators in our study suggest the balance of BMP signalling is altered in distinct cartilage regions in OA and that Smad signalling in general is disrupted. In support of this, HTRA1 and ADAMTSL2, antagonists of TGFb signalling are increased in damaged cartilage in our study. BMP mainly signals through Smad1/5/8 and TGFb through Smad2/3. However TGFb-mediated Smad1/5/8 signalling is reported to become dominant in OA with a concurrent decrease in both TGFb and Smad2/3 signalling, Smad3 null mice also show increased OA development 37e39 . In our study, INHBA, an activator of Smad2/3 signalling is upregulated in damaged cartilage, and its up-regulation may suggest an attempt at reactivation of Smad2/3 signalling in a feedback loop. Our data suggests that not only is there a potential for a change in Smad2/3 and Smad1/5/8 balance in OA, but Differentially expressed genes were classified according to their GO group. GO groups that were significantly enriched were selected and the number of genes within each group that were up-or down-regulated in damaged compared to undamaged cartilage was calculated. Genes were included if there expression was showed >2 fold change in expression in all nine individuals with P < 0.05. Unfilled bars represent genes that were expressed at a higher level y in damaged compared to undamaged cartilage. Shaded bars represent those expressed at a lower level in damaged compared to undamaged cartilage. ECR ¼ Extracellular Region. ECM ¼ Extracellular Matrix. also that the fine-tuning of these Smad-pathways and their interactions is disrupted. Under-and over-activation of the Wnt pathway results in OA in transgenic mice and Wnt pathway members are regulated by articular cartilage injury in vitro [ref] and show altered expression in human OA 40, 41 . The Wnt antagonist, SFRP3 is down-regulated in damaged cartilage in our study and SFRP3 knockout mice show increased proteoglycan loss in OA models 42 . Expression of a number of Wnt e inducible genes including LEF1, WISP2 and TWIST1 were decreased in damaged cartilage in our study, as was the Wnt receptor FZD5. Furthermore FGF18, RUNX2, IGF1, FMOD, COL5A1, FN1 are also Wnt target genes showing altered expression. Our study not only confirms considerable dysregulation of Wnt signalling in OA but also suggests dysregulation within the same joint dependent on cartilage degradation status and anatomical location. The mechanism underlying this dysregulation are unknown and may result from biological and mechanical upstream regulators of both Wnt and TGF/BMP pathways and cross-talk between these and other signal transduction pathways in the chondrocyte.
Other regulated genes include DUSP10, a phosphatase that blocks MAPK activation and can protect from oxidative stress, and PSMB9 a proteosomal component; suggesting a role for stressinduced signalling in OA pathogenesis 43, 44 . RARRES3 a retinoic acid receptor showed decreased expression in damaged cartilage and may indicate a role of retinoic acid signalling, a key developmental signalling pathway, in OA.
Altered expression of signal transduction components will markedly impact chondrocyte behaviour between damaged and undamaged cartilage. These differences in signalling activity pose obvious complications when targeting pathways with OA therapies. Altered activities within damaged and undamaged regions could potentially cause deleterious effects in one cartilage zone despite positive effects in the other. This highlights the importance of discriminating the microanatomical location and degradation status of cartilage so that achievable therapeutic targets are identified. This can only be achieved by studying cartilage with known damage status and location and not indiscriminately harvesting entire joint surfaces.
Developmental-and skeletal injury-related networks also showed altered expression between damaged and undamaged cartilage. Regulated genes include ATF3 and TNFRSF11B. ATF3 is upregulated during chondrocyte terminal differentiation and its overexpression decreases SOX9 promoter activity and increases RUNX2 expression, thus altering the direction of chondrogenic differentiation 45 . TNFRSF11B (OPG) is an osteoclastogenesis inhibitor and shows increased expression in damaged cartilage in our study. The altered expression of bone-related genes may impact not only the chondrocytes but also the underlying subchondral bone, and also suggests regulation of pathways more akin to endochondral development. The significant alteration in developmental gene expression supports the hypothesis that chondrocytes in OA may assume a more developmental phenotype as an attempt at tissue repair.
A number of genes showing differential expression in our study corroborate those seen in other microarray studies of human and murine OA. However several genes show opposite changes in gene expression. This may be accounted for by the distinct phenotype of AMG and our comparison of specific microanatomical regions, whilst in other reports, OA cartilage has been compared to non-OA or early-OA samples from different individuals. Thus OA cartilage in other studies may consist of varying proportions of damaged and undamaged cartilage. Although predominant gene expression changes can be captured, the proportion of each region present in these pooled sample will impact the directionality of gene expression changes. Additionally variation due to confounding factors such as drug treatment are removed by comparing cartilage from within the same joint in AMG patients vs between OA patients and controls. It is also likely that temporal changes in gene expression occur during progression from AMG, in our study, to end-stage tricompartmental OA, in other studies.
Only a limited number of genes were found in common when we compared the gene expression changes in the present study with those previously reported in the DMM murine model of OA. This may reflect the different mechanisms and speed of disease onset, time of sampling and the inclusion of whole joint or entire cartilage (both damaged and undamaged) when analysing expression in animal studies. Genes in common include TNFAIP6 and INHBA (upregulated in OA and damaged cartilage) and may be representative of major OA-related pathways and expression changes e as these changes are also seen in other published studies of gene expression in human knee OA 7, 8 . The early disease phenotype of these patients, and thus the mechanisms underlying disease pathogenesis is likely to be heterogenous compared to the more well-defined natural history of AMG. This may account for differences between this and our study and may provide clues to genes involved in driving AMG vs those driving other OA phenotypes.
It has been postulated that AMG cartilage lesions may be exacerbated by heel strike force 46 and future studies should seek to model and integrate topographical differences in joint loading over time with disease-mediated changes in regional gene expression. Chondrocyte phenotype will undoubtedly be influenced by the alteration in weight-bearing regions secondary to failing and eroded cartilage, with changes in MMP expression in our study potentially reflecting mechanical off-loading. It will also be important to assess gene expression across microanatomical regions in non-OA controls to allow further delineation, by subtractive analysis, of OA-and loading-associated genes. This will build upon the limitations of our study and provide further understanding of OA pathogenesis and potential targets for therapeutic intervention.
Through using a defined phenotype of OA we have captured and compared a temporal and spatial stage of cartilage degeneration and identified key genes and pathways regulated in OA. We hypothesize that in AMG and in OA the signalling environment of chondrocytes in distinct microanatomical regions is altered. This altered signalling environment results in an altered cellular phenotype specific to the chondrocyte location within the tibial plateau. Chondrocytes undergo repair attempts leading to alteration in ECM components and the attempted activation of developmental pathways as well as the production of soluble factors such as inflammatory cytokines. Behaviour of chondrocytes in distinct regions may influence, and be influenced by secreted proteins from chondrocytes in other regions as well as underlying subchondral bone and synovium. We have shown distinct gene expression profiles between damaged and undamaged cartilage taken from the same joint of individuals with a defined and common phenotype of knee OA. This emphasises the importance of using phenotypically and microanatomically well-defined regions of cartilage when analysing OA gene expression and chondrocyte behaviour and when developing therapeutics.
